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ABSTRACT 

Metals in particulate matter (PM) are considered a driving factor for many pathologies. Despite the 
hazards associated with particulate metals, personal exposures for at-risk workers are rarely assessed 
due to the cost and effort associated with monitoring. As a result, routine exposure assessments are per- 
formed for only a small fraction of the exposed workforce. The objective of this research was to evaluate 
a relatively new technology, microfluidic paper-based analytical devices (^PADs), for measuring the 
metals content in welding fumes. Fumes from three common welding techniques (shielded metal arc, 
metal inert gas, and tungsten inert gas welding) were sampled in two welding shops. Concentrations of 
acid-extractable Fe, Cu, Ni, and Cr were measured and independently verified using inductively cou- 
pled plasma-optical emission spectroscopy (ICP-OES). Results from the ^PAD sensors agreed well 
with ICP-OES analysis; the two methods gave statistically similar results in >80% of the samples ana- 
lyzed. Analytical costs for the ^PAD technique were -50 times lower than market-rate costs with ICP- 
OES. Further, the [iPAD method was capable of providing same-day results (as opposed several weeks 
forlCP laboratory analysis). Results of this work suggest that ^PAD sensors are a viable, yet inexpensive 
alternative to traditional analytic methods for transition metals in welding fume PM. These sensors 
have potential to enable substantially higher levels of hazard surveillance for a given resource cost, espe- 
cially in resource-limited environments. 
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INTRODUCTION 

Human exposure to metal-containing particulate 
matter (PM) in industries such as mining, construc- 
tion, and manufacturing significantly impacts worker 
health. Occupational respiratory diseases cost ~$10B 



each year in the USA and result in -425 000 prema- 
ture deaths annually worldwide (Nelson et al, 2005). 
Known pathologies include pneumoconiosis (Delia 
Torre et al, 1990; Frank et al, 2012), respiratory and 
cardiovascular impairment (Gavett and Koren, 2001; 
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Ibfelt et al, 2010; Phillips et al, 2010; Szram et al, 
2013), 'metal fume fever' (Cain and Fletcher, 2010; 
Kunimasa et al, 2011; Mehta et al, 2012), and lung 
cancer (jomova and Valko, 201 1; Zeidler-Erdely et al, 
20 1 1; 't Mannetj e et al, 20 12) . Of particular concern is 
exposure to welding fumes, known to contain hazard- 
ous levels of particulate metals such as hexavalent chro- 
mium, nickel, copper, nitrous oxide, manganese, and 
lead (Quansah and Jaakkola, 2009). Despite the risks 
posed by these inhalation hazards, welders' exposure 
to particulate metals is infrequently assessed due to the 
high cost and effort associated with personal exposure 
measurement [US Department of Labor (USDOL), 
2008] . Regulatory compUance monitoring for welding 
fumes calls for an 8-h filter sample (collected within the 
worker's breathing zone) followed by chemical analy- 
sis via flame atomic absorption or inductively cou- 
pled plasma emission spectrometry (USDOL, 2007). 
Both of these techniques require large and expensive 
instrumentation and highly trained staff, resulting in 
analysis costs of >$100 per sample (depending on the 
number of analytes measured); these costs include 
sample preparation, sample analysis, and personnel 
time. In the developed world, such costs tend to pre- 
clude routine exposure assessments; in the develop- 
ing world, these costs render the exposure assessment 
practically impossible. Furthermore, because collected 
samples must be shipped to a central laboratory for 
analysis, the time from sample collection to reporting 
(i.e. hazard communication) is typically on the order of 
several weeks. Consequently, there is a need for simple, 
sensitive, and cost-friendly alternatives for monitor- 
ing workers' exposure to PM metals that would enable 
broader screening of occupational exposures (Leman 
et al, 2010; Fierz et al, 201 1 ). This need is particularly 
evident since such exposures tend to be spatiotempo- 
raUy variable and log-normally distributed (Flynn and 
Susi, 2010). 

There is growing demand for new exposure meas- 
urement approaches that are both affordable and 
available for use at the point of need. An emerging 
technology that may address this demand is micro- 
fluidic paper-based analytical devices (^iPADs) (Khan 
et al, 2010; Li et al, 2012; Su et al, 2012)— a new 
technology platform for extremely low-cost sens- 
ing applications. The ^PAD concept is similar to the 
'lab-on-a-chip' notion, but where the 'chip' is replaced 
with simple cellulosic paper. In a typical ^PAD, 



hydrophobic barriers, printed onto the paper, define 
fluidic circuits that control liquid (sample) transport. 
These fluidic circuits are chemically modifiable and, 
therefore, amenable to a variety of physical, chemical, 
and biological measurement applications (Belgacem 
et al, 2011). Relative to traditional chemical assays, 
^PADs require low reagent volumes (typically micro- 
liters), are simple to operate, portable, and inexpen- 
sive (Martinez et al, 2010; Ballerini et al, 2012; Lopez 
Marzo et al, 2013; Zwanenburg et al, 2013). Even 
at low production numbers, these devices often cost 
<$0.05 to produce. As a consequence of using small 
sample volumes, mass-based detection sensitivities in 
paper devices are often comparable to or better than 
analogous detection moieties in traditional assays (Liu 
et a/., 20 1 1 ; Wang ef a/., 20 1 2 ) . 

One of the most common techniques for quantify- 
ing analytes on paper is colorimetry. Colorimetric sen- 
sors are attractive for analytical measurements because 
they offer a high-contrast signal that is easy to quan- 
tify with an external optical reader such as a scanner, 
camera, or smartphone (Yang et al, 2005; Martinez 
et al, 2008; Zhao et al, 2008; Ellerbee et al, 2009; 
Jokerst et al, 2012; Sameenoi et al, 2013). Several 
reports have focused on the detection of metals in 
water using nanoparticle aggregation (Hossain and 
Brennan, 2011; Yang and Wang, 2011; Lafleur et al, 
2012; Ratnarathorn et al, 2012; Ferhan et al, 2013) 
and enzymatic action (Ratnarathorn et al, 2012). 
Our group was one of the first to extend colorimetry 
to paper devices for the measurement of Fe, Cu, and 
Ni in combustion ash samples (Mentele et al, 2012). 
Functionalized Ag nanoparticles have been used to 
measure Cu on paper substrates with a reported lin- 
ear detection range of 8-62 ^M (Ratnarathorn et al, 
2012). Lateral flow chromatography systems have also 
been developed for measuring Cu, Cr, and Ni with 
0.02, 0.15, and 0.23 \xg ml"' detection sensitivities, 
respectively (Hossain and Brennan, 2011). 

The objective here is to extend the application 
of colorimetric ^PADs to welding fumes and to the 
detection of total Cr. To demonstrate the utility of 
our method, we developed a paper sensor capable of 
measuring concentrations of acid-soluble Fe, Ni, Cu, 
and Cr with punches taken from air sampling filters. 
A series of filter samples was taken at various welding 
facilities and analyzed concurrently using the ^PAD 
method and a standard technique: inductively coupled 
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plasma-optical emission spectroscopy (ICP-OES). 
Samples were collected from three separate welding 
processes [tungsten inert gas (TIG), metal inert gas 
(MIG), and shielded metal arc welding (SMAW)] 
with several common SAE stainless steel (SS) grades 
(304, 308, 309, and 17-4 PH). Analytical costs to 
quantify concentrations of 28 analytes were on the 
order of $20 for the ^PAD, compared to -$1000 using 
laboratory ICP-OES. Of the 28 paired measurements, 
20 were not statistically different from each other at 
the 95% confidence interval; the remaining eight sam- 
ples gave a mean difference (^PAD versus ICP-OES) 
of<20%. 

METHODS 

Chemicals and materials 

AH chemicals were analytical grade and used as 
received without further purification. Iron(lll) chlo- 
ride hexahydrate, nickel(ll) sulfate hexahydrate, 
aluminum(lll) sulfate hydrate, copper(ll) sulfate 
pentahydrate, phthalic anhydride, dimethylglyoxime 
(DMG), sodium acetate trihydrate, sodium fluoride, 
cerium(lV) ammonium nitrate, 1,5-diphenylcar- 
bazide (l,5-DPC), and polydiallyldimethylammo- 
nium chloride (PDDA, medium molecular weight) 
were purchased from Sigma-Aldrich (St Louis, MO, 
USA). Tris-hydrochloride and ammonium hydrox- 
ide were purchased from Mallinckrodt Baker, Inc. 
(PhiUipsburg, NJ, USA). Glacial acetic acid was pur- 
chased from Fisher Scientific (Pittsburgh, PA, USA). 
Nitric acid (18.4M) was purchased from EMD 
Millipore (Billerica, MA, USA). MilH-Q_ water from 
a Millipore deionized water generator {R > 18.2 MD, 
cm"') was used for all experiments. Mixed cellu- 
lose ester (MCE) filters were purchased from Fisher 
Scientific Company (Pittsburgh, PA, USA). Whatman 
No. 1 qualitative-grade filter paper was purchased from 
General Electric Company (Schenectady, NY, USA). 

Welding fume sampling 
Samples were collected from SMAW, MIG, and TIG 
welding processes. Each welding technique used a dif- 
ferent stainless steel alloy of varying composition of Cr, 
Fe, Cu, and Ni (Table 1 provides composition infor- 
mation per the manufacturer) . Specifically, 304 SS was 
used for TIG welding; alloys of 304, 309-EL, and 17-4 
PH were used for SMAW; and 304, 308, and 17-4 PH 



Table 1. Percent composition of Ni, Cr, Cu, 
and Fe in the stainless steel alloys (SAE grade) 
used for collecting of welding fumes. Table 
information was provided by the manufacturer 



Alloy 


% Nickel 


% Chromium 


% Copper 


%Iron 


304 


8-10.5 


18-20 


0-1 


>50 


308 


10-12 


19-21 


Trace 


>50 


309-EL 


12-15 


22-24 


Trace 


>50 


17-4 PH 


3-5 


15-17.5 


3-5 


>50 



SS alloys were used for MIG welding. Area samples 
were taken on multiple days in the vicinity of each 
welding operation. Aerosol was sampled onto 37-mm 
MCE filters (0.8 ^m pore size) using a size-selective 
sampUng cassette (PM^^ PEM; SKC, FuUerton, CA, 
USA) designed to collect particles <10 ^m in aerody- 
namic diameter. The sample air flow rate was set to 4 
1 min"' and sampling duration lasted ~8h. In total, 15 
filters were collected, extracted, and analyzed. Method 
validation was performed independently by induc- 
tively coupled plasma-optical emission spectroscopy 
(ICP-OES) on seven 10-mm punches taken from 
37-mm diameter filters (Technology Laboratories, 
Fort Collins, CO, USA). In order to compare both 
^PAD and ICP methods, filter punches were analyzed 
from the same filter. One of our assumptions was that 
PM was homogeneously distributed across the filter 
because control samples from the same filter (tested 
by ICP-OES) differed by <0.01 ^igfor each metal (data 
not shown). Sample preparation and ICP-OES analy- 
sis followed EPA (Environmental Protection Agency) 
Methods 3050B and 6010B, respectively. Metal con- 
tent on the field blank filters was below the detection 
limit of the ICP instrument. 

^PAD fabrication and colorimetric assay 
Paper devices were designed in CorelDraw and Adobe 
Illustrator and fabricated as described in Fig. la. 
Briefly, wax barriers were printed onto filter paper 
using a commercial wax printer (Xerox Colorqube 
8870); these barriers were then melted into the paper 
(creating a 3D hydrophobic channel) by placing 
the paper onto a 150°C hotplate for 60 s (Ge et al, 
2012a,b). After cooling, packing tape was applied to 
one side of the filter paper to prevent reagents from 
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leaking through the device. A picture of the device is 
provided (see Supplementary Figure 1, available at 
Annals of Occupational Hygiene online). Previously 
described reagent deposition protocols for detec- 
tion of Fe, Ni, and Cu were followed (Mentele et ah, 
2012). For determination of total acid-extractable Cr, 
0.5-^*1 ceric(rV) ammonium nitrate (0.35 mM) was 
first added to the pretreatment zone twice, followed 
by 0.5 nl of PDDA (5% w/v). PDDA was necessary 
to stabilize the Cr-l,5-DPC reaction product and 
decrease the mobility of the product complex in the 
detection zone (Xiaoetfl/., 2012). A mixture of 15mg 
ml"' 1,5-DPC and 40 mg ml"' phthalic anhydride was 
prepared in acetone and deposited once on the detec- 
tion zone (0.5 }A). The pretreatment and detection 
zones were dried between additions of reagent. In the 
presence of Cr(Vl), the colorimetric reagent 1,5-DPC 
becomes oxidized to diphenylcarbazone, reacting with 




1 Schematic showing specific zones within a |^PAD. (a) 
A filter punch is placed on the sample zone where metals 
are eluted ofi^ the filter, onto the sample zone, and then 
outwards through the pretreatment and detection zones 
(red arrows). Reagents deposited in the pretreatment 
zone control solution pH and complex interferences that 
maybe present in the sample. Colorimetric reagents in 
the detection zone complex with each metal analyte. The 
filter and device can be thrown away after use. (b) Image of 
actual device used for the detection of total acid-extractable 
Cr. The scale bar represents 5 mm. 



trivalent Cr to produce an intensely purple-hued com- 
plex (Fig. lb) (Kong, 2009; Kong and Ni, 2009). 

Filter extraction and ^PAD analysis 
Following sample collection, 10-mm punches were 
taken from each filter and subjected to microwave- 
assisted acid digestion (Fig. 2). Wetting and extraction 
efficiency was enhanced by pipetting 20 ^1 of surfactant 
[sodium dodecyl sulfate (SDS), 5 mM] onto each 
punch followed by air drying prior to sample diges- 
tion. To digest the metals in the welding fume, 5 ^1 of 
concentrated HNO^/SDS (5mM) was added to the 
punch along with 30 ^1 deionized water. Each punch 
was placed in a microwave ( 1 100 W) for 1 5 s. A second 
water/SDS (5 mM) mixture (30 ^1) was again added to 
the punch (to keep the filter wet), followed by another 
15 s in the microwave; this wetting/microwave step 
was repeated twice. After digestion, the filter punch 
was neutralized by adding 10 ^1 of sodium bicarbonate 
(0.5 M, pH 9.5), dried, and placed on the sample zone 
of the ^PAD. For each test, a poly(dimethylsiloxane) 
(PDMS) lid, designed to reduce eluent evaporation 
and to distribute pressure evenly across the paper 
surface, was placed on top of filter punch/^PAD. 




2 Representative schematic demonstrating steps to 
measure particulate metals. A 10-mm filter punch is 
subjected to microwave acid digestion, neutralized, and 
water is used to elute metals from the filter punch outward 
to detection zones at the periphery. ^PAD dimensions are 
~2.7 X 2.7 cm. A PDMS cover is used to control addition of 
eluent and to displace liquid evenly across the device. 
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The lid also contained openings above the sample 
(3 mm diameter) and detection (5 mm diameter) 
zones for solve nt/bufFer addition. Acetate buffer 
(40 ^1, 0.1 M, pH 4.5) was next added to the sample 
zone and a 300 g weight was placed on the PDMS lid 
to help stabilize flow across the device. Metal detec- 
tion was accomplished in -20 min after the eluent had 
completely dried. Devices were then analyzed using a 
common flatbed scanner. 

Image processing 
For quantitation, devices were scanned using a desk- 
top flatbed scanner (XEROX DocuMate 3220), pro- 
viding a high resolution, well-focused image. This 
detection method was chosen because office scanners 
are available worldwide and because scanned images 
are typically unaffected by external lighting condi- 
tions. A color thresholding window was applied to 
each image using ImageJ software (Rasband, 2009) to 
remove background interferences from the paper. Wax 
backgrounds were colored in hues that are complemen- 
tary to the hue ofthe analyte complexbeing measured. 
A complementary-colored background was easiest to 
remove using the thresholding window. Image inten- 
sity units selected for the thresholding window for 
each metal were: Fe = 18-230 PIU, Ni = 10-210 PIU, 
Cu = 35-225 PIU, and Cr = 0-180 PIU. Pure white 
and black backgrounds were considered 255 and 0 
pixel intensity, respectively. After thresholding, images 
were inverted and the color intensity at each detection 
zone was measured as the arithmetic mean of pixel 
intensity. Measurements from all four detection zones 
were then averaged to yield a single result for each 
metal of interest. 

RESULTS 

Metal determination using ^PADs 
Calibration curves and analytic figures of merit were 
generated for each metal of interest. Iron was meas- 
ured by the intensity of the reddish ferroin complex 
[Fe(phen)j]^* after complexation with 1,10-phenan- 
throline (Brandt et ah, 1954). The detection limit for 
Fewas 1.1 ^g with a linear range between 1.1 and 10 ^g 
(Fig. 3a) with a relative standard deviation (SD) of 
7.7% (number of samples n > 4). Above 10 ^ig Fe, the 
color signal begins to saturate and a detection thresh- 
old is reached around 15 \xg. Further increases in linear 



range could be achieved using different sized detection 
zones but this step was not required here. The range of 
measurement for ^PAD -based quantification of Fe is 
7.8-107 ^g m"^ as a time-weighted average (TWA) 
air concentration (based on a 4 1 min"' sample col- 
lected over 8h). We also tested the interdevice vari- 
ability of our method with Fe and Ni as the analyte 
(see Supplementary Figure 2, available at Annals of 
Occupational Hygiene online). Over the course of 
3 weeks, calibration curves were generated across 
the working range of the assay. Reagents were made 
fresh each time. For Fe and Ni, the average differ- 
ence in the slope for all linear fits was 4.8 ± 4.4% and 
9.7 ± 5.2%, respectively. The average difference in 
measured intensity [in pixel intensity units (PIU)] 
per mass of metal for Fe and Ni was 5.6 ±5.7 and 
1.5 ± 0.59 PIU, respectively 

Nickel was measured by recording the intensity of 
the magenta-colored complex formed by reaction with 
DMG (Fig. 3b) (Booth and Strickland, 1953). Acetic 
acid and NaF were added to the pretreatment zone as 
masking agents for Fe, Cu, and Co; as a result, these 
metals are sequestered upstream of the Ni detection 
zone. Analyte intensity was log linear with respect to 
Ni mass with a dynamic range of 1.1-9.0 ^g (7.8- 
64.2 tig m-3 TWA) and a relative SD of 17.9% (n = 4). 
There was no discernible color produced when a sin- 
gle filter punch was analyzed, so two punches were 
stacked, placed in the sample zone of the device, and 
analyzed (Table 2). While this method decreases ana- 
lytical precision somewhat, the interdevice relative 
SD remains <20%. The largest detectable mass prior 
to color intensity saturation was 20 ^g, however this 
upper limit was outside the dynamic linear range of 
the test (data not shown). 

Total, acid-extractable Cr was measured using 1,5- 
DPC as the detection reagent (Fig. 3c) (Farag et al, 
1981). The measured intensity was linear with respect 
to Cr mass with a range between 0.37 and 6 ^g and a 
relative SD of 8.2% among repeated measurements. 
Three filter punches were stacked and analyzed simul- 
taneously for one of the SMAW samples (Table 2), 
but only one punch was used for each of the other two 
welding fume samples for which Cr was measured. This 
method provided quantitative measurements of Cr air 
concentrations (based on an 8-h TWA at a 4 1 min"' 
sample flow) in the range of 2.6-42.8 ^g m"^. The detec- 
tion limit was almost an order of magnitude lower for 
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3 Typical response curves obtained for the measurement of acid-extractable (a) iron, (b) nickel, (c) chromium, and (d) 
copper. The linear response generated for each metal was 1.1-10 Fe, 1-10 ^g Ni, 0.15-6 ^g Cr, and 1.5-8 ^g Cu. ^PAD 
error bars are based on measurements between samples (N > 4). Colorimetric intensity was determined using a desktop 
scanner. Raw samples images for each metal are included to the right of each calibration graph. 



Cr than for Fe, due in part to the larger molar absorptiv- 
ity of the Cr-l,5-DPC product (4.6 x 10* 1 mol"' crn'O 
compared to Fe-l,10-phenanthroline (l.l x 10* 1 mol"' 
cm-i) (Xu et al, 1996; Filik et al, 2003). 

For the detection of copper, bathocuproine was 
used to produce an orange-brovifn complex v^rith 
Cu^-' (Fig. 3d) (Wilkins and Frederick Smith, 1953; 
Penner and Inman, 1963; Mentele et al, 2012). We 
were able to detect Cu reproducibly at masses as low 
as 1.5 \xg. The dynamic range for analyte measurement 
as a TWA is 10.7-121.2 ^gm"^. The personal exposure 
limit (pel) for Cu exposure is 100 (ig m"^, vifhich is 
vifithin the dynamic range of the test. However, Cu was 
not detected on any field samples by either the ICP- 
OES or paper-based methods. 

The PAD sensors are stable when stored (in the 
dark and at 25°C) for 7-30 days, depending on which 



reagents are added to the PAD. The PADs for detection 
of Cr can be stored and used for up to 30 days, whereas 
the PADs for Cu can be stored for up to 7 days v«thout 
significant loss of functionality (Rattanarat et al, 2013). 

Method validation 

Filter samples were collected from three SS welding 
processes (TIG, MIG, and SMAW) using three of the 
most commonly used SS alloys (304, 309, and 17-4 
PH) in the welding industry. Levels of Fe, Ni, Cu, and 
total (acid extractable) Cr were then quantified using 
both ^PAD and ICP-OES methods. In total, 28 ana- 
lytes were measured from seven filter punches. Results 
of these tests are presented in Table 2 and shown in a 
1:1 plot in Fig. 4. Metals measured on five of seven fil- 
ter samples were not statistically different at the 95% 
confidence level. Additionally, the ^AD method was 
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Table 2. Chemical validation by ICP-OES compared to ^PAD-measured metal content for each 
10-mm filter punch. Particulate metal samples from three different welding processes (TIG, SMAW, 
and MIG) were collected and evaluated. Cu was not detected in any sample with either the [iPAD or 
the ICP instrument (0.05 limit of detection). The content of all four transition metals of a filter 
blank was below ICP detection limits 



Metal Welding type ICP-OES ± SD (^ig) ^iPAD ± SD (^g) Recovery % 



Relative 
standard 
deviation „.„ % 



Fe 


SMAW 


9.52 ±1.43 


9.45 ±1.00 


99.3 


10.6 




MIG 


2.77 ±0.42 


2.25 ±0.07' 


81.2 


3.15 




TIG 


1.55 ±0.23 


1.21±0.1P 


78.1 


9.42 


Ni 


MIG- 


1.53 ±0.23 


1.50 ±0.39 


98.0 


25.7 


Cr 


SMAWl*" 


2.01 ±0.30 


1.81 ±0.44 


90.0 


24.4 




SMAW 2' 


0.86±0.13 


0.81 ±0.35 


94.0 


43.8 




MIG 


0.36 ±0.05 


0.41 ±0.06 


115.0 


13.8 


Cu 




<0.05 


Too low 







''Two of the tested samples were statistically different than metal content measured by ICP-OES. 
'Three filter punches used for analysis. 
Two filter punches used for analysis. 



sensitive, with >90% accuracy for 20 analytes. Two of 
the Fe samples (MIG and TIG) were statistically 
different (^PAD versus ICP-OES), however the Fe 
levels reported by the ^PAD were within 20% of the 
ICP-OES method. Detectable levels of Cu were not 
seen using either method, indicating that Cu levels 
were below the detection limit of the ICP instru- 
ment (0.4 tig 1"0- This result was not surprising 
because Cu is only present in significant quantity 
in few SS alloys and as a result, personal exposure to 
Cu is not considered a primary danger to welders. 

DISCUSSION 

This is the first reported method, to our knowledge, 
for speciating hazardous workplace aerosols quickly 
and at low cost. Similar to gas detector tubes, our 
method requires little lab turnaround time, is simple 
to operate, and was developed specifically to make 
exposure assessment quicker, easier, and cost effec- 
tive. The dynamic range of our screening method (two 
orders of magnitude) does not yet match traditional 
instrumentation such as ICP, however there remains 
great potential for ^PAD techniques to offer rapid, on- 
site analysis (similar to gas detection tubes) enabUng 



more frequent and thorough monitoring of occupa- 
tional environments. 

Currently, the cost and time associated with occu- 
pational exposure assessment represent a significant 
impediment towards adequate hazard surveillance. 
According to the Department of Labor, in 2012, there 
were -329710 welders, cutters, solderers, and braz- 
ers in the USA (Bureau of Labor Statistics, 2012; 
USDOL, 2008). The analytical costs (not including 
personnel time and equipment) to assess each indi- 
vidual's exposure just once and to a single metal spe- 
cies would exceed $33 000 000 per year. In contrast, 
the ^PAD method described here has the potential to 
reduce analytical costs by a factor of 50. This method 
is also amenable for rapid, on-site detection immedi- 
ately following sample collection. Results presented 
here are encouraging, from the standpoints of detec- 
tion sensitivity, method repeatability, and accuracy. 

The linear detection range for Fe is sufficient for 
occupational exposure assessment, given that the 
PEL stipulated by the Occupational Safety and Health 
Administration (OSHA) is 10000 ^g m"^ for Fe. 
Several assays can be performed from a single 37-mm 
MCE filter (each test consumes a single 10-mm 
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4 (a) Paper-based measurement of Fe, Ni, and Cr 
compared with independent validation by ICP-OES. 
A linear regression fit favorably compares the accuracy of 
the uPAD method with ICP-OES (slope = -0.99). Cuwas 
present below the detection limits of both measurement 
methods and was thus not presented, (b) An expanded 
view of the graph above shows that on small a smaller mass 
scale, method correlation is slightly worse (-R^ = ~ 0.98), 
however this value is still within acceptable limits. 

punch) should it be necessary to re-evaluate filter sam- 
ples (or send samples to a lab for independent valida- 
tion). We were not able to assess method accuracy for 
Cu, since all samples were below the detection limit. 
For Fe, Ni, and Cu, the relationship between colori- 
metric intensity and analyte mass is presented as log 
linear due to the characteristics of color saturation on 
paper. It is important to note that the dynamic ranges 
reported in Fig. 3 do not represent the entire dynamic 
range of the method, but only the range necessary for 
the processed samples. 

The dynamic range of the ^PAD method (for all 
four analytes) reported here is constrained by molar 



absorptivity of the colorimetric reagent (lower end) 
and signal saturation (upper end), highlighting a limi- 
tation of colorimetric sensing on paper. When the 
paper surface becomes saturated with analyte (as is 
the case in the detection zones), the resulting intensity 
reaches a threshold limit. Although the detection lim- 
its reported here are adequate for monitoring personal 
exposure at levels below the OSHA-regulated limits, a 
larger dynamic detection range maybe desired, espe- 
cially for short-term sampHng. The upper end of the 
dynamic range may be extended by increasing the size 
of the detection zone; larger paper surface area equates 
to slower surface saturation (more area for color devel- 
opment). In addition, multiple punches may be ana- 
lyzed simultaneously (i.e. stacked onto the ^PAD) to 
extend the detection limit to lower masses (data not 
shown). Yet another option for improving device sen- 
sitivity is to design a ^PAD with multiple detection 
zones of varying size. 

Although we report total Cr mass here, the 1,5- 
DPC reagent is specific to hexavalent chromium 
(Cr(Vl)) and thus, future appHcation of this tech- 
nology could assess exposures to the more toxic 
Cr(Vl). Unfortunately, the ICP vaUdation method we 
chose could not speciate between different Cr oxida- 
tion states. To measure Cr(Vl) via ^iPAD, the same 
protocol could be followed, but tetravalent cerium 
(Ce(lV)) could be excluded from the pretreatment 
zone. Tetravalent cerium oxidizes soluble Cr(lll) to 
Cr(Vl) for complexation with 1,5-DPC, and thus, in 
the absence of Ce(lV), only Cr(Vl) from the original 
sample is measured (Farag et ah, 1981). As a result, 
this method shows promise for measurement of total 
soluble Cr or soluble Cr(Vl) . Future work will investi- 
gate Cr speciation using ^PADs. 

Several interfering metals present in welding 
fumes have the ability to complex with the chromo- 
phores in the detection zones. In previous work, we 
discussed our approach to 'masking' these interfer- 
ences on paper using pretreatment zones (Mentele 
et ah, 2012). For Cr(Vl), we investigated potential 
interferences from Mg, Mn, Zn, Al, Ba, V, Co, Cu, Fe, 
and Ni and found that there was no significant effect 
for determination of Cr(Vl) when other metals were 
present in metal:Cr(Vl) ratios <4:1 (data not shown). 
This concentration ratio is reasonable for welding 
fume because Fe is usually the largest constituent in 
most welding fumes and is almost never present at 
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four times the concentration of Cr, which typically 
represents 15-22% of welded metals. Examination 
of the 1:1 plot in Fig. 4 indicates that interferences 
from other metals presented only a minor influence 
for analyte detection on paper, if at all. Additionally, 
no significant differences were detected in device sen- 
sitivity when Ni and Fe were measured using 40 dif- 
ferent devices over a 3-week period (Supplementary 
Figure 2, available at Annals of Occupational Hygiene 
online). 

CONCLUSIONS 
The ^PAD presented here offers a much simpler and less 
expensive alternative for measuring human exposure 
to toxic metals than current methods. Colorimetric 
detection provides a convenient, portable, and rapid 
way to quantify exposure at the point of need, whereas 
current methods require more expensive and lengthy, 
offsite analyses. This ^PAD sensor enables sensitive 
determination of Fe, Cu, Ni, and Cr for ~50 times less 
cost than ICP-based methods. Consequently, ^PADs 
show great potential as an enabling technology for a 
new wave of low-cost, high-throughput sensing plat- 
forms. Future work will focus on method modifica- 
tions to improve sensitivity, quantitative range, and 
functionality, in addition to extending this method 
to other species. Ultimately, paper-based sensors 
may enable more comprehensive hazard recognition 
and surveillance worldwide. This technology appears 
well suited for resource-limited environments, where 
improvements in workplace safety can be challenging. 
However, several obstacles must be overcome before 
exposure assessment costs are low enough for more 
widespread sampling and analysis; for example, the 
costs associated with personal sampling pumps and 
size-selective inlets are still relatively high. 
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Supplementary data can be found at http://annhyg. 
oxfordjournals.org/. 
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